Abstract This paper addresses the hydrological and meteorological extremes that may be deduced from the taxation records of the estates of Brtnice, Třebíč and Velké Meziříčí, all in the Moravian-Bohemian Highlands of the Czech Republic, for the years 1706-1849. At that time, damage to agricultural crops constituted grounds for tax remission for individual farmers and landowners. Where it survives, the relevant administrative documentation generally includes a statement from the applicant, a report by the official commission tasked with checking the contents of it, and any decisions made by taxation authorities at regional and "land" level (the Jihlava regional office and the Moravian Land Administration ("Gubernium") respectively). Data extracted may include the type of event, dating, places of occurrence and damage done. The chronology of hydrological and meteorological extremes (torrential rain, flash flood, flood, hailstorm, lightning, frost) covers the period 1706-1849, but only four events are evident before 1748 and there is a gap in records between 1757 and 1789. Extremes are analysed from a spatio-temporal point of view. A total of 97 extreme events (171 extremes of particular type) were identified for the region studied. Torrential rain, hailstorm and flash flood were the major devastating phenomena, and occurred mainly from May to August. Torrential rain and hailstorm are clearly attributable to thunderstorms with very intense convection. Five outstanding events and their impacts upon individual farmers are described in detail. The results are discussed with respect to uncertainties in the basic data and in the context of the Czech Lands, because only some of the extremes disclosed are known and confirmed by other documentary data. Hydrological and meteorological extremes derived from taxation records 1621 agriculteurs individuels sont décrits en détail. Les résultats sont discutés par rapport aux incertitudes des données de base et dans le contexte du pays tchèque, puisque seuls quelques-uns des extrêmes décrits sont connus et confirmés par d'autres documents.
INTRODUCTION
Recent climate change expressed during the period of global warming (Solomon et al. 2007) will be accompanied by changes in hydrological and meteorological extremes, hereafter HMEs (e.g. Parry et al. 2007 , Füssel 2009 ). Because their disastrous effects are often expressed in terms of loss of human life and substantial material damage, they are a topic of broad scientific interest (e.g. Mitchell et al. 2006 , Beniston et al. 2007 , Kundzewicz et al. 2010 , Sander 2011 . This, of course, holds true for the Czech Lands, where particularly disastrous floods in the 1990s-2000s are notable (Brázdil et al. 2012d) . Information about extremes is usually derived by statistical methods from standard hydrological or meteorological measurements (such as calculation of the N-year recurrence interval of peak discharges for floods, or percentile limits following from theoretical distributions for air temperature and precipitation extremes). However, HMEs selected in such a manner provide no information about their impacts, which then have to be extracted from other sources. The instrumental period providing such records is quite short, so the database of extremes has to be extended via historical events from the previous period by means of documentary data.
Administrative records are important tools for historical climatology (Brázdil et al. 2005 , Brázdil and Kotyza 2008 and historical hydrology (Brázdil et al. 2006a (Brázdil et al. , 2012c . Not only do they clarify the nature of HMEs that occurred in the preinstrumental period, they also provide an additional source of data for utilizing the overlap with the period of systematic measurements. Although the potential of taxation records is very high and related documents are widely available all over Europe, only a few studies have employed such resources for hydrological or climatological purposes. For example, Grove and Battagel (1983) used data from general taxation commissions to characterize climatic impacts on the economy in the 17th and 18th centuries in the region of Sunnfjord (western Norway). García et al. (2003) used tax payment data from the Canary Islands (1595-1836) to reconstruct wheat and barley yields and subsequently precipitation rates.
The situation is very different in the Czech Republic, where such records are quite common and exploitation of them has been in progress for some time. After a paper by Matušíková (1996) , addressing the responses of landowners (and/or domain administrators) to requests for help arising from the impacts of extreme events (e.g. floods, hailstorms) in the Elbe region in the latter half of the 17th century, a large number of papers have appeared since 2000. Using taxation data from Moravia, they have produced data on HMEs for the Pernštejn domain, 1694-1718 ; the Dietrichstein holdings of Dolní Kounice and Mikulov in the 17th-19th centuries ; several estates in southern Moravia (Brázdil et al. 2006b ); the Bítov estate in the 18th-20th centuries (Zahradníček 2006) ; the Buchlov estate, 1797-1848 (Dolák 2010) ; the Veselí nad Moravou estate, 1784-1849 (Chromá 2011) ; and 10 estates in southeastern Moravia, 1751-1900 (Brázdil et al. 2012b) .
The current paper is an extension of the above studies for the estates of Brtnice, Třebíč and Velké Meziříčí, located in the southern part of the Bohemian-Moravian Highlands. It concentrates on analysis of the spatio-temporal patterns of HMEs and their impacts, as derived from taxation records for the period 1706-1849. The following section describes the taxation system in Moravia. Section 3 provides information about the area studied. Section 4 includes the data and methods used. Section 5 gives the results of analysis related to spatio-temporal changes in HMEs and describes a number of exceptional events and their impacts on daily life. The next section discusses the results obtained in a broader context and is followed by some concluding remarks.
TAXATION SYSTEM
The "hidage" system of taxation was introduced in the latter part of the 17th century in Moravia, the eastern part of the Czech Republic (one "hide" was taken as a somewhat arbitrary and subjective unit of land taxation). At first, only peasant land was subject to taxation. The following tax systems were adopted:
(a) The First Moravian Land Registry This was introduced in 1655 and decreed that "whosoever in the future shall suffer damage due to fire or otherwise, for the purpose of reduction of [taxes due from] hides affected by the damage, should report it to the regional administrator who will evaluate it [together] with neighbours" (Novotný 1934) . This also applied to damage done by HMEs. (b) The Second Moravian Land Registry This was established in 1675 as an improvement on the previous registry but with similar tax relief (Novotný 1934 ). (c) The Maria Theresa Land Registry A decree issued by Empress Maria Theresa on 26 July 1748 specifically mentioned damage to houses, barns, fields and yields consequent upon water and inclement weather; depending on the severity of the water damage, tax relief could be granted for up to two or three years, while for simple weather damage a decision had to be made as to whether no damage, or half-damages, would be acceptable. The net profit from peasant homesteads became the basis for the determination of tax, and taxation was also extended to the dominical (noble) classes. The Maria Theresa Land Registry remained in force until 1 November 1820, with a brief interval between 1 November 1789 and 1 May 1790 in which the Land Registry of her son, Joseph II, ran. The basic aim was to diminish the difference in taxation between rustic and dominical land. Despite this, the peasantry were taxed at the value of one third of their harvest, a rate around 50% more than that for the aristocracy (Kubačák 1994) . The fundamental tax unit became the "community" and individual pieces of land were newly assessed for taxation. (d) The Joseph II Land Registry: a slight revision This remained in force until the introduction of the Stable Land Registry in 1851. The slight revision involved changes in landowners, the extent of land and the agricultural crops grown.
A new evaluation of yields led to an extra burden of taxation (Kocman et al. 1954) .
THE AREA STUDIED
The area studied, located in the southern part of the Bohemian-Moravian Highlands, consists of three historical estates: Brtnice, Třebíč and Velké Meziříčí ( Fig. 1 ) and corresponds to their extent in the 18th-19th centuries. It is situated in the Brtnická and Bítešská vrchovina Highlands and the Jaroměřická pánev basin (Demek et al. 2006) . A generally highland area, it lies at altitudes of between ∼420 and ∼710 m (Brtnice: ∼460-640 m; Třebíč: ∼420-710 m; Velké Meziříčí: ∼420-700 m) (Dvorský 1906 , Kratochvíl 1907 , Bartoš et al. 1988 .
In terms of agricultural production, it is largely a potato-oat cultivation region (B3) with the southeastern parts classified as potato-growing (B1, B2); it produces crops (mainly cereals and potatoes) and raises cattle (Němec et al. 2009 ). Based on the Second Austrian Military Survey, carried out in 1838 (Skokanová et al. 2012) , the arable land covered 52.6% of the region studied, while woods and permanent grassland were similar in extent, 22.55% and 22.5%, respectively. The proportion of other landuse categories was negligible (built-up area 1.5%). Natural disasters often destroyed not only crops in the fields but also meadowland (categorized as permanent grassland). Thus arable land was not the only consideration; meadows for hay production or directly-grazed pastures were equally important. The three estates analysed (Table 1) were owned by a number of noble families. In the early 18th century, up to 1849, they included two major towns (Třebíč and outlying communities and Velké Meziříčí), six small towns, 110 villages and four farms (Obršlík et al. 1966) . Their individual areas in the first part of the 19th century covered between 20 530 ha (Třebíč) and 18 167 ha (Velké Meziříčí). The surviving historical documents for the estates have been deposited in the Moravian Land Archives of Brno since 1960 (see Table 1 ). However, only a small proportion of them contain information related to tax remission. Reports for the Brtnice estate are complemented by some documents from the archives of the Collalto family, owners of the Brtnice estate (see sources S13-S14).
DATA AND METHODS
An application for tax relief after damage arising out of an HME followed a standard procedure (Fig. 2) . This is reflected in the various surviving documents, all of which correspond to stages in the overall taxation process.
First, the applicant-a landowner, representatives of a settlement, or an individual farmer-provided the regional office in Jihlava with basic information about what had taken place, together with a detailed description of any damage. This original statement included the nature of the crops destroyed and the area affected, and concluded with a request for commissioners to assess the damage and grant permission for tax reduction. The estate officer was responsible for sending the description to the regional office in Jihlava, which then selected commissioners. At this point, commissioners appointed by the regional administrator were obliged to personally inspect the places affected (in situ) and make records. The regional or estate officer and two tax collectors from neighbouring estates were selected as commissioners. Notice of their arrival in the affected community was given by the regional office. They did not always confirm originally reported damage. For example, an area damaged by a hailstorm on 24 June 1834, under cultivation by Duke Anton Waldstein [Valdštejn] , was considered too excessive in the original message and his request for tax relief was denied (S6, S8) . The signatures of commissioners at the end of damage reports were often supplemented by the signatures of representatives of a settlement and even the peasants involved. Finally, the commissioners sent their damage report to the regional office in Jihlava.
Subsequently the regional officer passed on the damage record to the Moravian Land Administration ("Gubernium") in Brno. The Gubernium was responsible for tax relief for the affected farmers and determined the specific sum of money to be written off. It also specified the length of the period for which tax relief would run (usually six months). In some exceptional cases, the relief was spread over several years. Finally, the Gubernium sent its decision to the regional office in Jihlava. This was then transmitted by the regional officer to the representatives of the landholding.
The taxation records were handwritten in German, in neo-Gothic italic script; only a few reports direct from farmers or communities were written in Czech. The terminology of the HMEs was quite colourful: hailstorm-"Wetterschlag, Hagelwetter, Hagelschlag, Schlossenwetter"; torrential rain (downpour)-"Regenguss, Schauerwetter, Wolkenbruch"; thunderstorm-"Gewitter, Donnerwetter"; flood-"Überschwemmung, Wasserguß, Wasserfluth". The words "Wetterschaden" (weather damage) or "Wasserschaden" (water damage) appear frequently and present certain difficulties of interpretation. While the former is here generally interpreted as hailstorm, the latter might be attributed to torrential rain, flash flood or flood and additional information has to be found for more precise identification of the extreme. Based on all interpretations, the following HMEs have been recognized in taxation records for the purposes of this study: hailstorm, torrential rain, flash flood and flood. To these are added frost, for its destructive effects on crops, and lightning, which led to fires. In addition to HME type, interpretation may extend to the date(s) of the event, the actual settlements affected, and the nature of the damage done. Occasionally, the time at which an HME occurred is only attributed to a certain month, or even more generally to the period before the day upon which the written application originated and is dated.
The frequency analysis of HMEs presented in the next section is based on extreme events and the type of extreme (Brázdil et al. 2012b) . A single extreme event is understood as a case in which damage caused by an HME occurred on a given day to one or more estates concurrently. Extreme events located in time to within just days of the document itself were included only if no other exactly-dated HME had been reported in the corresponding year. The type of HME may, of course, be compound: one event may be attributed simultaneously to several types of extreme, for example to near-simultaneous thunderstorm, torrential rain and hailstorm. Because the majority of torrential rainfall and hailstorms are related to thunderstorms, which draw no particular mention in taxation relief requests, the category of thunderstorms has been excluded from the following analysis of types of HME.
HYDROLOGICAL AND METEORO-LOGICAL EXTREMES-RESULTS

Spatio-temporal fluctuations
Based on the taxation records for all three estates, 97 events were identified between 1706 and 1849. They are concentrated mainly in the late 1740s-1750s and from the 1790s to the late 1840s ( Fig. 3(a) ). The highest decadal numbers were recorded in 1821-1830 (18 events), 1831-1840 (17), 1791-1800 (15) and 1841-1850 (13). The end of the records in 1849 can probably be attributed to implementation of a new taxation system, known as the Stable Land Registry (see Section 2). The mean annual number of extreme events is 0.7 in the period 1706-1849. HME events were recorded in a total of 51 years, i.e. 1.9 events per year. Five years recorded four extreme events each (1792, 1826, 1827, 1830 and 1845) and four years three events each (1819, 1837, 1838 and 1839) . A further 22 years saw two extreme events each of some kind. In terms of the annual distribution of events, June (26.9%) is followed by August (22.1%), May (21.1%) and July (13.4%), totalling 83.5% of all events in four months. Three events (2.9%) could not be attributed to a particular month because the dating in the taxation documents was unclear.
If the individual types of extreme are addressed (torrential rain [downpour] , hailstorm, flash flood, flood, lightning with fire, and frost), the total number increases to 171 (Fig. 3(b) ). The frequency of individual types of extremes is highest in 1748, 1792, 1819, 1826 and 1839. Torrential rain was the most frequently mentioned class (38.0%), followed by hailstorm (28.7%), flash flood (25.7%), flood (4.7%), lightning with fire (2.3%), and frost (0.6%). This demonstrates the importance of thunderstorms related to heavy convection in the generation of these extreme events and their importance for possible damage on a local or regional scale.
The number of reported HMEs differs between the three estates as well as between individual settlements (Fig. 4) . The highest number of individual events and types of HME were recorded on the Brtnice estate (71 extreme events and 133 specific extremes), followed by Třebíč (28 and 52) and Velké Meziříčí (9 and 12). The great differences between the estates largely arise from the numbers of damage records that survive. The distribution of types of extreme over the estates is comparatively regular. Torrential rain was always the most frequent type of HME, followed by hailstorm, flash flood and flood. Lightning causing fire is described only on the Brtnice estate (1755, 1824, 1843 and 1846) (S5-S7). Severe frost was recorded on the Velké Meziříčí estate during the winter of 1799/1800 (S12).
Outstanding events
Assessment of the intensity of individual HMEs derived from documentary data is influenced by various effects such as the duration of the phenomena, area affected, loss of human lives, damage caused, etc. Various classifications of phenomena intensity have been developed, though mainly for floods (see Sturm et al. 2001 , Barriendos and Coeur 2004 , Bullón 2011 . Simple transfer of this classification to the HMEs studied is impossible and similar classification of extremes can be developed only based on much larger data sets than available here. For this reason, in this paper outstanding HMEs were selected only on the basis of the highest number of farmers affected by damage to crops, or of extremely widespread damage. The five following cases may be considered outstanding in the region studied: 5.2.1 Torrential rain and hailstorm, 24 June 1755 A particularly violent thunderstorm (the event is referred to as "Donnerwetter") struck the Brtnice estate (S5; Fig. 5(a) ) on 24 June 1755 and the torrential rain and hailstorm that accompanied it led to claims for damages from 193 farmers in 28 communities. The total area affected is not exactly known, but to judge by the number of afflicted communities and rural workers, it was almost certainly larger than a similar event on 16 August 1748, when the damaged area was estimated at ∼438 ha; S4). Lightning during the thunderstorm struck the roof of the church in Brtnice which caught fire. Furthermore, a thunderbolt damaged rafters, broke windows and made holes and cracks in walls. This event has no known parallel in any other documentary sources in the Czech Lands.
Torrential rain and flash flood, 5 June 1756
On 5 June 1756, an HME did damage to 442 farmsteads in 24 communities on the Brtnice estate, with the affected area estimated at ∼823 ha (S13; Fig. 5(b) ). Despite the fact that the documents recording it mention only "Wasserfluth" and "Wasserschaden", we interpret this as torrential rain and flash flood in view of the damage described and the villages affected (some of them even lacking a watercourse). Cultivated fields were covered in mud, sand and gravel, which rendered their use in the near future impossible, while fallow land was flooded and covered in sand and stones. This event has no known parallel in any other documentary sources in the Czech Lands.
Torrential rain and flood, 22-25 May 1820
Heavy, even torrential, rain fell in the Brtnice region on 22 May 1820 and did so repeatedly up to 25 May (S5). The floods arising from it damaged spring crops, washed away part of the topsoil from fields, inundated meadows and covered them in gravel and mud. The villages along the River Jihlava were particularly threatened by rising water levels. Thě Cíchov community, located close to the Lešetínský potok Brook (a tributary of the Jihlava) found itself in particular difficulties. Water from the two watercourses overflowed their banks and washed away several houses, demolishing some of them completely, sweeping away agricultural equipment, drowning several head of livestock and damaging a nearby mill. The shape of some meadows was altered and the banks of the River Jihlava changed. Together witȟ Cíchov, 25 communities were badly affected on the Brtnice estate (Fig. 5(c) ). Despite the wide extent of damage done by this event, only three farmers, iň Cíchov, were granted tax relief. Further applications were turned down on 8 April 1821 on the grounds that the damage was not "huge enough". The HME was not confined to the Brtnice estate alone. Further records indicate severe damage in other parts of the Czech Lands. A series of downpours on 21-22 and 24 May, with consequent flooding, did great damage to communities on the Mikulov estate in the south of Moravia (e.g. flooded meadows and floodplain forests; . A thunderstorm and heavy downpour (with hail as well) led to a flash flood and great damage around Jaroměřice nad Rokytnou on 22 May (Plichta 1994) . A flood on 23 May destroyed 108 houses and the bridge at Dolní Kounice on the River Jihlava (Kratochvíl 1904 ).
Flood, 18 March 1830
A flood on 18 March 1830 arose out of very rapid snowmelt and ice-flow jamming on the rivers. It was one of the most devastating events in the area studied, despite the fact that it is reflected in taxation records for only Dolní Heřmanice (on the Velké Meziříčí estate). The damage to crops in the fields cultivated by one Joseph Hanza was so immense that he was completely unable to pay taxes for the entire year. Unfortunately, the archival sources do not indicate whether his request for tax remission for the first part of 1830 resulted in a positive Gubernium decision (S12). The River Jihlava did great damage to the town of Třebíč, where the town square and the suburbs of Podklášteří and Vnitřní Město were inundated. The water devastated houses, reaching all the way to first floors, tore apart the town square and roads and washed away all the bridges in Třebíč. The resulting assessment of the damage was calculated at 100 000 guldens [zlatý] (Bečková 2008) . Ice flow jamming under the bridge on the River Oslava in Velké Meziříčí led to extensive problems. The river overflowed both its banks, flooded several streets and, blocked by ice, started to flow through the bed of the Balinka Stream. The only remedy was for the townspeople to pull down the bridge, after which the Oslava returned to its own bed. Moreover, the flood washed away a further two bridges and flooded other parts of Velké Meziříčí (Hodeček et al. 2008) . There is a plethora of information for March 1830 flooding from various parts of the Czech Lands. For example, movement of ice flows with damage on the River Jizera in Loukov is recorded for 19 March (Šimák 1925) , as well as at other places along this river (Kutnar 1941) in Bohemia, and/or on the River Svratka in Brno (Brázdil et al. 2011) anď Celadice (Kratochvíl 1910) , as well as on the Blata Stream in Těšetice (Papajík 2003) in Moravia.
Torrential rain, hailstorm and flash flood, 25 June 1844
Exceedingly heavy rain and hailstorm with a subsequent flash flood swept over the Třebíč and Budišov estates on 25 June 1844 (S8, S11), devastating the crops of seven communities of the former (Fig. 5(d) ) and of three villages of the latter. Damage was recorded for the assets of 57 peasants and one noble. The lands of Duke Anton Waldstein were severely damaged at the Třebíč villages of Hostákov, Trnava, Týn and Valdíkov. Estimates of the area affected were as high as ∼1018 ha. The estate office in Třebíč applied for tax remission on 26 June and the three appointed commissioners began to assess the damage the very next day. The final tax relief for both the peasants and Duke Anton Waldstein totalled 1181 guldens [zlatý] and 13 kreuzer (on average ∼63% of the total tax duty). On the same day, a hailstorm and flash flood led to damage at Rájec-Jestřebí (S15) and a hailstorm was recorded around Velká Bystřice (Roubic 1988) .
Human impacts
The very nature of requests for tax remission meant that the taxation documents involved contain very detailed information about the impact of individual HMEs. Much of the damage arose out of hailstorms and torrential rain, often contributing to the generation of flash flooding or flooding. As well as possible loss of human life, the type of damage occurring in reports may be summarized as follows:
Damage to fields and crops
This includes crops beaten down or inundated, soil swept away from fields, and general soil erosion. Damage to topsoil reduced the productivity of a given field in the following years, something generally reflected in bad crop yields, with various consequences. The average harvest in the 18th-19th centuries was three times the volume of seeds sown (Kubačák 1994) , so a bad harvest could lead to an acute lack of grain for sowing. In order to avoid lack of seed, after 1782 farmers could borrow grain from taxation funds and use it as seed or to earn money to pay off duties (Vondruška 1989 ). The borrowed corn had to be paid back, with interest, by the end of the year, a harsh stipulation that often added to the burden of farmers already forced to cope with unexpected hardship. Taxation funds were used mainly after disastrous HMEs.
Damage to meadows and pastures
This includes inundated meadows in which the hay was destroyed and the retreating water left deposits of gravel and mud. In direct consequence, it was impossible for cattle to graze and there was a lack of fodder for the following winter. Meadows affected in this way could be not used for several years. This is specifically mentioned, for example, in a report by an estate superintendent fromČervená Lhota (the Třebíč estate), in which damage from torrential rain and consequent flooding is described for 29 May 1826 (S10). Moreover, inundation lasting for some days slowed the administrative process related to the application for tax alleviation.
Damage to material property
This includes broken roofs and windows, houses and outbuildings damaged or destroyed, domestic animals and cattle drowned, destruction of the retaining walls of fish cultivation ponds and the banks of rivers, damaged roads, and bridges washed away. For instance, lightning during a thunderstorm on 7 June 1846 set fire to the Hynkov farm (on the Brtnice estate), and the conflagration spread to a number of houses and outbuildings (S7) .
Farmers were forced to endure particular hardship if extremes recur in the same year or in several consecutive years. This could take place, perhaps, when a damaging spring flood was followed by other extremes or when similar extremes occurred several times in the vegetation period. Farmers were unable to recover from one event if another followed soon afterwards. In one such series of misfortunes in 1827, Kožichovice and Pozd'átky suffered damage from torrential rain and hailstorm three times in quick succession: on 9 and 18 June, and then on 10 August (S6, S10). Two villages were also affected in three consecutive years: Přibyslavice in 1836-1838 (S6, S11) and Okříšky in 1837-1839 (S6, S8, S11).
Farmers and villages suffering from the effects of extremes were sometimes supported by other communities in their neighbourhood. Such was the case when torrential rain and flash flood struck Kamenička on 4 July 1826 (S10). On 15 October, 35 villages within the Třebíč domain gathered 47.4 hl (1 hl = 1 korec, i.e. 93.587 litre) of corn in aid. A Gubernium decision also provided some tax reduction for Kamenička two months later, on 15 December 1826.
However, tax remission was far from smooth or automatic. In addition to the occasional cases in which a request was rejected out of hand, slow administrative processing complicated matters for the farmers affected, who had to wait a long time for tax relief. For example, torrential rain and flash flood damaged the Brtnice estate in 1808, but a tax decision had still not been reached in July 1811 (S6) .
The extent and frequency of damage arising out of individual HMEs also depended on the lie of the land, especially where flooding was involved (Fig. 6) . For example, the village of Bransouze, located in the valley of the River Jihlava, was affected the most frequently (20 events) and the villages ofČíchov (19) and Petrovice (18) in the same valley experienced almost as many events. The impacts of flooding around the River Jihlava were exacerbated by the many steep brooks and tributaries that feed it. In contrast, communities located in an elevated area without a watercourse in the immediate vicinity were less influenced by HMEs. The villages of Předín and Zašovice fall into this category, for example, with respectively only six and eight extreme events recorded.
DISCUSSION
The HMEs extracted from the taxation documents of the three estates in this study make a significant contribution to the existing Czech historicalclimatological database provided by the Institute of Geography, Masaryk University, Brno (CZdb). Of a total of 97 extreme events found here, there is agreement with other existing sources for only 33 (34.0%) of them. This is important to the cross-checking of existing reports as well as for information about the spatial extent of the events studied. There is a clear lack of recorded extremes between 1755 and 1790; unfortunately, the basic documents for that period have not survived. Further, only four extreme events were reported before 1748 (1706, 1707 and two cases in 1740). As mentioned by Brázdil et al. (2012b) , the highest frequency of HMEs, which was recorded in the first half of the 19th century (see Fig. 3 ), owes more to the survival of evidence than to the last phase of the Little Ice Age in Europe (e.g. Grove 2004 , Holzhauser et al. 2005 , Matthews and Briffa 2005 , Wanner et al. 2009 ).
In order to characterize climatic patterns of the period studied with the recent climate, the Brno climatological station with homogeneous temperature (from 1800) and precipitation (from 1803) series was used for this comparison (Brázdil et al. 2012a ). The 1803-1849 period was compared with the reference 1961-1990 period. As follows from Fig. 7 , the first period was significantly cooler, with negative deviations in all months except May. As for precipitation totals, the months FebruaryJuly and November-December (particularly February, May and November) were drier and January and August-October (particularly August) were wetter. Summarizing this, April-September in the 1803-1849 period was significantly cooler and slightly drier relative to recent climate patterns.
It is not exceptional for documents from a given estate to contain information about events on other estates, or even beyond the Czech Lands. Such records were usually associated with requests for aid, both financial and in kind, for people suffering from disaster elsewhere. In the documents of the three estates analysed, 19 events are mentioned for other estates in the Bohemian-Moravian Highlands: Jihlava (seven), Budišov (four), Luka nad Jihlavou (three), Moravské Budějovice (two), NováŘíše, Puklice, Telč (a hailstorm on 3 July 1836 was also recorded on the Jihlava estate) and Želetava (one each) which supplement the figures given in Section 5.1. The damage was related mainly to hailstorms (14 events) and torrential rain (four events). Ten events occur in the records of all three estates. Blizzards, huge quantities of snow and snowdrifts are of particular interest. Especially notable are: 20 December 1829 (Dlouhá Fig. 8 Mean starting dates of selected phenological phases (sowing, sprouting, flowering, harvest) for winter wheat, spring barley, winter rye and oats at theŘehořov phenological station in the period 1931 -1960 (data in Kurpelová et al. 1975 ; data for flowering for spring barley and oats are missing.
Brtnice), 28-30 December 1835 and 2-4 January 1837 (Moravské Budějovice) (S2). Clearing snow from roads was highly labour-intensive and consequently very expensive for the settlements involved, which had to pay for it.
According to Le Roy Ladurie (1967), documentary sources for the study of climate effects should fulfil the following conditions: the series must be annual (with the information organized in a temporal sequence which can be easily dated), continuous (without gaps in the documentary records), homogeneous (having a similar content throughout) and quantifiable (containing information which can be processed statistically). Some uncertainties influencing the results achieved may arise despite these conditions. In the case of HME results, any evaluation and interpretation has to take into account the following uncertainties existing in the data (see also Brázdil et al. 2012b ):
(a) Spatial and temporal uncertainty Spatial and temporal uncertainty in HMEs is influenced by the availability of written documents, i.e. by the number of them that survive. This can be clearly demonstrated by means of three of the outstanding events analysed (see Fig. 5 (a)-(c)), in which the eastern border of the affected villages is clearly delimited by the lack of records from the neighbouring Třebíč estate. After a decision on tax relief had been taken, documents lost their importance and were often destroyed, or preserved only for a short time. A lack of information (both at the level of the estate administration and of the regional office) can also be attributed to inappropriate storage of archived documents and to damage or loss to fire or natural disaster. Changes related to the administration of the tax system are also reflected in the HMEs extracted.
(b) Uncertainty in annual distribution The greater part of the HMEs relate to the May-August period (i.e. the main part of the growing season), when the degree of damage is also influenced by the crops' phenophase (Fig. 8) . To judge by phenological data from theŘehořov station (altitude 610 m; see Fig. 1 ) in 1931 -1960 (Kurpelová et al. 1975 , the sowing and sprouting of crops (spring cereals in April, winter cereals in September-October) were not particularly affected by HMEs. Harmful impacts tended to involve later stages of growth (flowering on 15 June for winter rye and 30 June for winter wheat), until harvest (spanning on average from 31 July for winter rye to 12 August for oats). Because of the earlier onset of these phenophases at lower elevations and their delayed onset in higher positions, the period from May to August was critical for possible damage by HMEs. Previous collations of events consistently underestimate the occurrence of HMEs in other parts of the year (such as winter and spring floods and frosts, as well as blizzards) which remained largely un-noted or un-noticed in taxation documents. At the same time, this means that what HMEs are recorded becomes largely associated with phenomena attributable to storms with intense convection (e.g. torrential rain and hailstorm). (c) Uncertainty as to type of extreme In a report, the importance of the nature of a given HME lagged far behind that of the damage it caused, so the observational talent, background and literacy of whoever processed the taxation records plays a significant role in their modern interpretation. Moreover, various authors employed a range of styles and terminology in describing the same type of HME. The interpretation of the type of event is largely obscured when general terms such as "Wetterschaden" or "Wasserschaden" are used (see Section 4). Damage to crops caused by late or early frosts remained largely unrecorded, because they were not eligible for tax remission. This is relevant in consideration of, for example, great damage caused by frosts to vineyards in certain villages in the southern part of Moravia . (d) Uncertainty as to the damage done Only
HMEs that led to damage eligible as the basis of a tax remission request were recorded. Moreover, the type and extent of damage also reflect changes in the crops cultivated as well as alterations in land use (i.e. the areas of arable land and permanent grassland used for agriculture). This means that the HMEs extracted cover only part of the total of all events that actually occurred during the period and in the area studied. They are therefore not fully comparable with the frequency of such extremes derived from systematic observation at meteorological and hydrological stations or those derived from regular observation series by any statistical approach. To obtain a more complete overview of HMEs in the area and period studied they have to be complemented by some other type of documentary evidence (see e.g. sources mentioned by Brázdil et al. 2005 Brázdil et al. , 2006a Brázdil et al. , 2010 Brázdil et al. , 2012d .
Thus, obtaining more complete evidence of HMEs in the studied area requires data from other sources. The example of reports from the archives of the Collalto family, owners of the Brtnice estate, has already been mentioned and used (S13-S14). Other sources of documentary evidence related to weather, such as village chronicles, diaries, newspapers, and other records from the region studied are exceptions, rather than routine. The very first event mentioned in this paper, on 1 May 1706, with thunderstorm, torrential rain and flood for 13 villages of the Brtnice region (S13) is confirmed by records of a heavy flash flood after downpour in Velké Meziříčí, with 11 deaths and great material damage (Hosák 1946) . The records of Jan Michael Breijnn, rector in Výmyslice, Mohelno and Náměšt nad Oslavou, provide agreement with data extracted from taxation records for a hailstorm on 20 June 1750 with damage to 17 villages within the parish of Náměšt' nad Oslavou. A heavy thunderstorm in Náměšt' nad Oslavou was reported for 20 August 1752 when hail broke windows in the castle, with total damage amounting to 100 guldens [zlatý] (Papoušek 1937 ). However, other published sources indicate that some extremes are missing from estate documents. The damaging floods on 1 January 1747 and 21 May 1781 (classified as "100-year floods") and a downpour with hailstorm on 17 July 1844 are examples from Velké Meziříčí (Hodeček et al. 2008) .
CONCLUSIONS
The results of the current paper can be briefly summarized thus: upon human concerns such as agriculture or transport, so from the point of view of frequency they describe a smaller portion of all phenomena actually occurring (see e.g. Changnon 1997 , Brázdil et al. 1998 , 2012b , for the occurrence of damaging thunderstorms and hailstorms). (d) The HMEs studied had different negative effects on farmers and communities. The most critical situations appeared when they impacted the same farmers or communities in several consecutive years, or even several times in the same year. (e) The results obtained are biased by uncertainties following from the character of taxation records (spatio-temporal incompleteness, concentration of events in May-August, delimitation of the type of HMEs, extent of damage done) in which the message about any given extreme event was of secondary importance. (f) Taxation data related to HMEs may also be used for the study of associated economic impacts as well as, with regard to the detailed information included in them, for the study of the history of everyday life (e.g. Novák 2007 , Lenderová et al. 2009 , Bůžek et al. 2010 ).
This paper is a part of a broader research project that aims to extract information about HMEs from taxation records for a total of 209 estates from southern Moravia, in the southeastern part of the Czech Republic. A major portion of the relevant documents are kept in the Moravian Land Archives, Brno. Although some of those examined contain no information related to the taxation process with respect to damage caused by HMEs, the greater part of the estate documents still remain to be worked upon. For this reason, every new extraction and analysis of taxation data is of particular importance for the most comprehensive possible analysis of such events from the mid-17th century until the 19th century for the southern Moravian region. Research of this kind is an important and unique endeavour even on an international scale. Knowledge of spatio-temporal changes in HMEs and their impacts in the past is important for their evaluation in recent time, as well as in the context of future climate change.
